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We present a detailed study of the Raman spectrum of Q.-LiIO3 as a function of tempera-
ture and pressure. Measurements under hydrostatic pressure were performed at 300 and
380 K. Comparison of these results among each other and with previous results from uni-
axial stress measurements performed at 77 K reveal that mode Gruneisen parameters, yj,
are essentially temperature independent. These parameters are strongly dependent on mode
frequency, ~J., obeying an approximate scaling law, yj ~coj —a behavior characteristic of
that observed in molecular crystals. Data from the pressure and temperature dependence of
coj are combined to separate the intrinsic {thermal expansion) from the extrinsic contribu-
tions to the latter. This procedure reveals the existence of anomalous anharmonic behavior
affecting only the lattice mode which involves translations of Li+ ions along the c axis. We
suggest that this is indicative of the existence of a link between this mode and the
anomalous increase in the ionic conductivity along the c axis occurring in this material at
high temperatures.
I. INTRODUCTION
LiIO3 exists in three different crystalline modifi-
cations, known as a, p, and y phases. The transi-
tions among these phases are of first order and can
be summarized as follows'
a ~ y ~ p.
-520 K -610 K
The details and history of these transitions are dis-
cussed in a previous work, where we studied the
evolution of the first-order Raman spectrum of the
material as temperature is increased from 300 up to
640 K. Both the ionic conductivity and the dielec-
tric constant, along the e axis, are reported to exhibit
large increases as the e~y phase transition is ap-
proached from below. It is interesting to determine
whether lattice modes that involve motion of Li+
ions along the c axis are in any way related to these
effects. It is, therfore, important to understand the
lattice dynamics of this material, with particular
emphasis on anharmonic effects. The latter are re-
sponsible for phonon lifetimes, thermal expansion,
and, also, for the dependence of phonon frequencies
upon temperature and pressure. Temperature acts
in a twofold way: It alters the equilibrium intera-
tomic spacings (thermal expansion) and also changes
the vibrational amplitudes of atoms about fixed
equilibrium positions (i.e., phonon occupation num-
bers). Both effects contribute to the temperature
dependence of phonon frequencies, and we shall
refer to them as "implicit" and "explicit" contribu-
tions, respectively. In order to separate both contri-
butions it is necessary to have independent
knowledge of the dependence of phonon frequencies
on both temperature and equilibrium interatomic
separations. For the zone-center optical phonon this
knowledge can be acquired by studying the Raman
spectrum as a function of temperature and external-
ly applied pressure.
Previous work on the temperature dependence of
Raman and infrared spectra ' presents a confus-
ing picture. Otaguro et al. identify all the structure
appearing in the Raman and infrared spectra and es-
tablish the absence of a soft mode as the a~@phase
transition is approached from below. However, they
do not furnish quantitative data for the evolution of
phonon frequencies and linewidths as a function of
temperature. Other studies' ' contain several
discrepancies about these dependences, as well as
giving erroneous information about the a~y phase
transition (see discussion in Ref. 6). On the theoreti-
cal side, Crettez et al. ' formulated a simple force-
constant model that succeeds in making a
correspondence between its eigenmodes and the ob-
served features in the Raman and infrared spectra.
Their attempt to explain the temperature depen-
dence of phonon frequencies in terms of
temperature-dependent force constants is less con-
vincing. Being harmonic, their model gives no in-
formation about linewidths. Also, force constants
are presumed to be volume independent, although,
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as we shall see, thermal expansion is responsible for
a large fraction of the temperature dependence of
phonon frequencies.
In previous publications, we reported the depen-
dence of several features of the Raman spectrum on
uniaxial stress' (at 77 K) and on hydrostatic pres-
sure (room temperature). ' In the present work, we
report detailed Raman measurements of the tem-
perature dependence on phonon frequencies and
linewidths in the temperature interval 12—500 K.
Room-temperature pressure measurements (1 bar to
75 kbar) are extended to all but one of the Raman-
active modes, and pressure measurements are also
carried out at high temperatures (380 K). We com-
pare mode-Gruneisen parameters obtained, from
these experiments, at different temperatures and dis-
cuss our results in light of general trends based on
information collected for a large number of ionic,
covalent, and molecular crystals. ' Finally, the pres-
sure and temperature dependence of phonon fre-
quencies are combined to separate the implicit
(volume-driven) and explicit (occupation-number-
driven) contributions to the latter. This procedure
has proven useful in the study of anharmonicities in
a large variety of materials. ' In particular, the
fractional implicit contribution is known to follow
systematic trends depending on the type of bonding
between the atoms participating in a given vibration-
al mode. Our results are consistent with these
trends, with the exception of one A mode (appearing
at 240 cm ' in the room-temperature spectrum),
which behaves in a completely anomalous fashion.
This result is interesting since this mode, according
to the classification of Crettez et al. ,' is the only
one containing motion of the Li+ ions along the c
axis. This behavior suggests a participation of this
mode in the Li+ transport along the c axis which, in
turn, would be responsible for the large increase in
ionic conductivity observed at high temperatures
along this direction.
The remainder of this paper is organized as fol-
lows: In Sec. II we describe the experimental ar-
rangements; in Sec. III we discuss the Raman spec-
trum of the material and its relationship to the as-
signments made by Crettez et a/. ' The theoretical
equations used in the analysis of our experimental
data are presented in Sec. IV, where we also discuss
their validity and applicability to our particular
case. Section V is devoted to presenting and discuss-
ing our results. Finally, in Sec. VI we present a
summary to our main results and conclusions.
II. EXPERIMENTAL PROCEDURE
The samples were cut from single-crystal ingots
of a-LiIO3 and oriented by x-ray diffraction. Light
scattering configurations are described by the stand-
ard notation x (zx)y, where the first and last letters
indicate the directions of propagation of incident
and scattered light, respectively, while the first and
second letters in parentheses refer to their respective
polarization. All directions are referred to a set, x,y,
z, of mutually orthogonal axes with z lying along the
hexagonal axis. The Raman measurements were
performed with the 5145-A line of an argon-ion
laser as exciting radiation. Scattered light was
analyzed with a Spex monochromator and detected
with a cooled ITT F%'-130 photomultiplier
equipped with photon-counting electronics.
The pressure cell is of the opposed anvil type with
one anvil made of sapphire. The optical arrange-
ment and sample preparation for this type of experi-
ment are described in Refs. 27 and 16, respectively.
The sample and ruby chip, for pressure calibration,
float in a 4:1 mixture of methanol and ethanol,
which acts as the pressure-transmitting fluid. The
pressure was measured by determining the frequency
shift, bee, of the R& and R2 fluorescence lines of
ruby according to the equation
P = 1.326ct),
with P measured in kbar and Ace in cm '. This
equation, valid at room temperature, was assumed to
be valid also for pressure measurements performed
at 380 K.
Low-temperature measurements (12—300 K) were
performed with the sample glued to the cold finger
of an Air Products closed-cycle Dewar (Displex,
model no. CSA-202) with automatic temperature
control (+1 K). For the high-temperature measure-
ments, the sample was placed inside a cylindrical
oven with glass windows constructed in our labora-
tory. The temperature was determined by a Pt-vs-Pt
(13% Rh) thermocouple placed closed to the sample,
and kept stable to within +2 K by means of an As-
tronix Instrumentation (model no. 5301-E) tempera-
ture controller. An oven of similar design was con-
structed to heat the sample within the pressure
chamber. Temperature was kept stable using the
above-described system with the therm ocouple
placed close to the sapphire window. This tempera-
ture was found to be about 15 K higher than sample
temperature. An assortment of criteria was used to
estimate the latter. The linewidth of the ruby emis-
sion line was measured as a function of temperature
outside the pressure cell. Since this linewidth is in-
dependent of pressure, it can be used to determine
the temperature inside the pressure chamber. The
Stokes —anti-Stokes ratio, as well as the linewidth
(full width at half maximum) of the lowest-lying
lines in the Raman spectrum of our sample, was
7718 F. CERDEIRA, F. E. A. MELO, AND V. LEMOS 27
as an independent criterion to estimate sample tem-
perature. All these criteria estimate temperatures in
mutual agreement to within +5 K. The highest
temperature used in our pressure measurements was
T =380K. Measurements at higher temperature
were not possible because the sample reacted chemi-
cally with the pressure transmitting fluid.
III. VIBRATIONAL EIGENMODES
AND THE RAMAN SPECTRUM
The a-phase of LiIO3 belongs to the C6 (P63)
space group, having two formula units per unit
cell. ' The zone-center optical modes are distribut-
ed among the irreducible representations of the C6
factor group according to"
r =4~+4E, +5E,+5B .
Of these modes, those of symmetries 3 and Ei are
simultaneously Raman and infrared active and,
therefore, they are separated by long-range Coulomb
forces into TO-LO pairs. The modes of E2 symme-
try are Raman active only while B modes are silent.
All allowed modes have been previously observed by
means of Raman "and infrared' ' spectroscopy.
The hexagonal unit cell consists of Li+ ions and
IO3 pyramids, both occupying sites of C3 symme-
try. ' The Raman spectrum of the crystal exhibits
in its high-frequency region (co&760 cm ) a clus-
ter of peaks with frequencies that are similar to
those observed for the stretching modes of the IO3
group in aqueous solution. These peaks are
separated from the rest of the spectrum by a consid-
erable frequency gap (hei-300 cm '). Hence, it is
appropriate to make an a priori division of the nor-
mal modes of the crystal into internal (vibrations of
the IO3 pyramid) and external modes, which in-
clude rigid rotations (librations) of the IO3 ions as
well as translations of these groups and of Li+
atoms. These modes are distributed among the ir-
reducible representations of the factor group accord-
ing to'
IV. THEORETICAL CONSIDERATIONS
A. Pressure dependence: Deformation potentials
and mode-Griineisen parameters
The frequency shifts and splittings occurring in
the zone-center modes of n-LiIO3 in the presence of
an external homogeneous deformation can be ex-
pressed in terms of the components of the strain ten-
sor e;J as follows':
neo„s=a(e +eyy)+bE
for nondegenerate modes and
(4)
quencies of the IO3 vibrations in solution, and nine
intermolecular ones containing Li+-Li+, Li+-IO3
and IO3 -IO3 interactions. These force constants
represent short-range interactions of the bond-
stretching or bond-bending type. Coulomb forces
are not included in the CMC model. The force con-
stants are adjusted in order to fit the room-
temperature frequencies from Raman and infrared
data. In Table I we list the eigenvalues and eigen-
vectors (in terms of prenormal coordinates) of the
CMC model, together with the experimental fre-
quencies used in their calculation. The frequencies
from our own Raman measurements at 10 and at
300 K are also listed there for comparison purposes.
The model assigns the lowest- (highest-) frequency
modes to librations (stretching vibrations) of the
IO3 ion. Bending vibrations and translations ap-
pear mixed in the intermediate-frequency range.
Exceptions to this rule are the modes of 3 symme-
try, which are all assigned to pure or almost pure
prenormal motions. Of particular importance for
later discussion is the A mode at 232 cm ' (TO
component at 300 K, our data), which is the only
mode containing translations of Li+ along the c axis
and, therefore, a candidate for participating in the
transport of Li+ along this direction. The adequacy
of the model in light of our results shall be discussed
in later sections.
I „;b—2A +2B+2E) +2E2
for the internal modes, and
r);b —A +B+E$+E2,
(3)
ATE —a(e +e„~)+be + , 5co, —
with
5co=2
~
c
~
[(e —eely) +4@„'y]'~,
(sa)
(Sb)
I „,„,=A+2B+E, +2E,
for the external modes. Crettez, Misset, and Co-
quet' formulated a force-constant model, hencefor-
ward referred to as CMC, in which a set of prenor-
mal coordinates is used consistent with the separa-
tion of Eq. (3). Their potential includes four in-
tramolecular force constants for the IO3 ion,
whose initial values are obtained by fitting the fre-
for doubly degenerate E& and E2 modes. Here a, b,
and c are adjustable parameters determined by ex-
periment, called deformation potentials. ' A dif-
ferent set of coefficients (a', b', and c') is used to re-
late the frequency changes to the components of the
stress tensor (o,z). The resulting equations are iden-
tical to Eqs. (4) and (5), changing a, b, and c by their
primed counterparts and e;J for 0.;~. Both sets of
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coefficients are related to each other through the
elastic compliances (S,J ), according to' Bcoj
BT p
p Bco~ BNJ
BP
~
9T
a'=a(S))+S)p}+bS)3
b'= 2aSi3+ bS33,
c'
I
=
I
c
I
(S&i
(6) BcOJ
P~jyj+ BT (9)
0
Mode-Gruneisen parameters (y~) relate the change
in frequency of a given mode (co~) to the change in
volume of the unit cell ( V) through'
Also, the above equation can be written in terms of
finite differences as
(~~r 4 = (~~—~)r+(~~r )v (10)
d lncoj' ] Bco)
y = — = = (2a'+b'), (7)din V vcoj Bp
where ~ is the volume compressibility of the materi-
al. In Table II we list the values of the deformation
potentials a and b for most of the Raman-active
modes of a-LiIO3. These were calculated, using Eq.
(6), with the values of a' or b' from Ref. 15 and the
room-temperature elastic constants of von
Haussuhl. In this table, as in the remainder of this
work, each normal mode is designated by its sym-
metry type followed by its room-temperature fre-
quency (in parentheses) rounded off to the nearest
integer.
B. Temperature dependences: Separation into
implicit and explicit contributions
The dependence of phonon frequencies on tem-
perature is composed of two distinct contributions:
(i) an implicit contribution arising from thermal ex-
pansion through the volume dependence of the pho-
non frequency and (ii) an explicit contribution pro-
duced by the change in vibrational amplitude (pho-
non occupation number) accompanying the tempera-
ture variation. The latter would appear even if the
volume were kept constant as temperature changes.
The relationship between these quantities can be de-
rived by treating the frequency of a given mode, co~,
as a continuous function of unit-cell volume ( V) and
temperature ( T):
Bcoj.
BT p
np ~mj ~J
BT Bln V BT+
Here, the first and second terms on the right-hand
side of the equality are the implicit (volume-driven)
and explicit (occupation-number-driven) contribu-
tions, respectively. The equation above can be
. rewritten in terms of the (volume} thermal expansion
coefficient (P) and compressibility (a ) as
where (b,co&)~ is the change in frequency upon ris-
ing the temperature from an initial value To to a fi-
nal value T keeping the pressure constant (1 bar),
(Acorn )z is the (explicit) change in co for the same
temperature interval at constant volume (the volume
at temperature To and P = 1 bar), and the remaining
term is the change in frequency when external pres-
sure is applied at constant temperature, in such a
way as to decrease the volume from its value at tem-
perature T (P =1 bar) to its value at temperature To
(P = 1 bar). ' This term can be calculated from data
obtained in pressure Raman experiments [i.e., by
direct integration of the corresponding term in Eq.
(9)], but in order to do so assumptions must be made
as to the temperature dependence of x., P, and yj.
The assumptions that are reasonable for our particu-
lar case shall be discussed in Sec. VB. The explicit
contribution (hcoz}v can be calculated as a differ-
ence if we have independent knowledge of the other
two terms entering into Eq. (10). This knowledge is
obtained from light scattering experiments per-
formed both as a function of temperature (at con-
stant pressure) and as a function of pressure (at con-
stant temperature).
Theoretical expressions can be obtained relating
these experimentally obtained quantities to cubic
and quartic anharmonic terms in the ionic poten-
tial. ' These expressions are very complex, and
their application to real crystals depend upon
knowledge of matrix elements for three- and four-
phonon processes. Although simplifying assump-
tions can be made in some cases, ' in a more gen-
eral case these anharmonic contributions can only be
discussed qualitatively. Anharmonic contributions
to the phonon self-energy have a real (6) and an im-
aginary (I ) part, which are the frequency shift and
inverse phonon lifetime, respectively. In
lowest-order perturbation theory, I receives contri-
butions from cubic anharrnonicities (in second or-
der), while the contributions to b, can be broken up
into
5=hE+ 53+h4,
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TABLE I. Eigenfrequencies and eigenvectors for the Raman- and infrared-active modes of a-LiIO3 according to the
CMC model (Ref. 16). Our own experimental values are added for comparison. The eigenmodes are given in terms of
prenormal modes that which include internal vibrational modes of the IO3 ion, divided into stretching (IS) and bending
(IB) modes, librations of IO3 ions around their principal axis (R, and R,„, respectively), translations in which IO3 and
Li ions vibrate against each other (T, and T„~),and translations in which the two formula units in the primitive cell dis-
place as a whole, in opposite directions (v, and ~„~).
co (cm-')
Symmetry
Our experiment
10 K 300 K
Used in CMC model
Expt. Calc.
Eigenmodes
(CMC model)
(TO-LO)
157.4/158. 8
236.8/242. 8
360.0/469. 6
789.8/817.4
145.1/146. 1
232.0/240. 0
355.9/465. 0
791.5/817
148
233
356
793
144.0
233.8
355.6
792.9
R, (99%)
T, (98%)
IB (97%)
IS (99.9%%uo)
Ei
(TO-LO)
177.6/182. 8
331.7/339.7
/455. 3
765.1/844. 2
170.0/175. 8
328.4/336. 0
/454
768.4/843. 4
176
330
355
769
177.1
325.6
357.0
765 ~ 1
R„y (99.8%)
T, (53%) + IB (47%)
IB (53%) + T„„(47%%uo)
IS (99.9%)
E 102.3
212.0
292.0
346.5
761.3
94.6
204.0
342.1
764.3
97
202
332
344
763
100.9
203.9
326.7
349.5
766.9
R„& (74%%uo) + &x,y (26%)
(73%) + Rg,& (25%)
T„y (53%)+ IB (44%)
IB (55%) + T„& (44%)
IS (99.9%)
where hz represents the frequency shift produced by
thermal expansion and h3 and b4 are the contribu-
tions of cubic and quartic anharmonicities, respec-
tively. These quantities are related to those obtained
from experiment by
non frequencies expressed in Eqs. (8) and (9) is valid
for an isotropic medium or for a cubic crystal. In a
uniaxial crystal cuj is a function of the two indepen-
dent lattice parameters (a~ and a3) instead of being
just a function of the unit-cell volume (V). This
leads to
(Ace~ )z — b,E, —
(b,d'or)v —53+64,
(12) Bco
=2
c}T ulna,
Gina,
BT p
while I is given by the full width at half maximum
of the Raman line. It would be interesting to
separate the contributions of cubic and quartic
anharmonicities to (b,co&)z. This, however, is sel-
dom possible. In addition, although A3 and I re-
ceive contributions from the same term (cubic) in
the anharmonic potential, these terms are not related
to each other in a straightforward manner. ' In
spite of these limitations, experimental determina-
tions of (hcoz )~ and I" lead to qualitative under-
standing of the role of anharmonic terms in the ion-
ic potentials.
C. Validity of the isotropic approximation
BlnQ 3 Bin&+ Blna3,
~
3T gT+
=(2P,a+P,b)+ BN
aT (13)
where p& and p3 are the axial thermal expansivities
(P=2P&+P3) and a and b are the deformation po-
tentials defined in Eqs. (4) and (5). There is no
a priori reason to expect that the first terms on the
right-hand side of Eqs. (9) and (13) be equal. In
fact, the difference between these terms [thermal ex-
pansion contribution in the isotropic approximation
and as given by Eq. (13)],a, can be written as
The separation of implicit and explicit contribu-
tions to the isobaric temperature dependence of pho-
2(pta3 —p3a
~
)
CX= (a b), — (14)
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TABLE II. Deformation potentials, a and b, and implicit contribution to the isobaric tem-
perature derivative of phonon frequencies calculated taking into account the uniaxial character
of the crystal (fourth column) and in the cubic approximation (fifth column). The last column
shows the difference between these two calculated independently using Eq. (14).
Mode (cm-')
ZP,a+P3b Pcojy;
(10 ' cm 'K ')
Eq(94 cm ')
E2(342 cm ')
E2(764 cm ')
ATQ(145 cm ')
ALQ( 146 cm ')
A TQ( 79 1 cm ' )
A LQ(817 cm ')
Ej TQ( 170 cm ')
E) LQ(176 cm ')
E),TQ(328 cm )
E& LQ(336 cm )
E& TQ(768 cm ')
E] LQ(843 cm ')
438.1
266.1
92.5
484.6
595.9
27.4
27.0
103.5
106.3
180.7
191.8
41.7
52.6
369.7
202.8
—36.2
259.2
267. 1
—31.5
91.8
340.7
356.5
91.2
154.7
—75.4
49.7
38.5
22.4
3.0
35.9
41.8
—0.04
5.5
20.5
21.4
13.1
16.6
—1.3
4.9
38.2
22.2
2.4
34.9
40.4
—0.30
5.8
21.6
22.5
12.8
16.4
—1.8
4.9
0.3
0.3
0.6
1.0
1.4
0.26
—0.3
—1.0
—1.1
0.4
0.2
0.5
0.0
where ~~ and ~3 are the uniaxial compressibilities
(x=2~&+x3). The isotropic approximation is valid
only when
~~i
~
~&p~i)'i . (15) A ~ TO
& LO
T =500 K
E, D
T= 3BOK
When the above inequality is satisfied, the results
from hydrostatic pressure measurements can be used
to separate the implicit from the explicit contribu-
tions to co(T) Otherwise. , deformation potentials
obtained from uniaxial stress measurements must be
used. The latter type of experiment is more difficult
to perform and yields less accurate results, since the
maximum stress achieved in this case is about 1 or-
der of magnitude smaller than those attained in hy-
drostatic pressure measurements, resulting in corre-
spondingly smaller frequency shifts. It is, therefore,
convenient when the isotropic approximation can be
used. This was found to be the case for a number of
materials of the rutile family. ' In our case, the
validity of the isotropic approximation was tested
using the deformation potentials obtained in uniaxi-
al stress measurements' and the compressibilities of
Ref. 30. In the last three columns of Table II we list
the quantities 2pja+ p3b, pcoiy&, and ai, all calcu-
lated independently. We see that the inequality (15)
is well satisfied, thus justifying the use of the isotro-
pic approximation of the Sec. IV A, which we shall
continue to use throughout this paper.
850
750
I
E
4503
250,
t50 g
40 80 40 80 40 80 40 80
P (kbar)
FIG. 1. Pressure dependence of phonon frequencies at
T =300 and 380 K. Open (solid) circles and triangles in-
dicate, respectively, the TO and LO components of E& (A)
modes. When superposition makes the display unclear,
the triangles were omitted. Open squares are reserved for
E2 modes. Solid lines represent least-squares fits to poli-
nomial expressions.
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TABLE III. Coefficients of a polynomial fit [Eq. (16)] to the pressure dependence of the Raman frequencies. Mode-
Gruneisen parameters obtained from both uniaxial stress and hydrostatic stress measurements at different temperatures
are listed in the last three columns.
Mode
(cm ' kbar
300 K 380 K
10 A2
(cm ' kbar )
300 K 380 K
10 A3
(cm 'kbar ')
300 K
Uniaxial
77 K
y
Hydrostatic
300 K 380 K
Ez(94 cm ')
E2(204 cm ')
E2(342 cm ')
E2(764 cm ')
A(145 cm ')
A(236 cm ')
ATQ(356 cm ')
ALQ(464 cm ')
ALQ(791 cm ')
AIQ(817 cm ')
E~(173 cm ')
E~(332 cm ')
Ef LQ(454 cm ' )
E, »(768 cm-')
E) LQ(843 cm ')
1.17
0.74
0.54
-0.0
1.37
1.08
0.36
0.60
—0.10
0.30
0.72
0.65
0.77
—0.10
1.22
0.59
1.49
1.2
—0.02
1.0
0.62
—0.15
—1.07
—0.37
—1.52
—0.55
—0.21
—0.72
—0.8
—1.2
—0.84
—0.54
—0.43
6.5
8.8
4.5
4.0
0.7
0.03
2.5
0.0
0.1
1.3
0.5
—0.02
0.06
4.0
1.2
0.5
0.00
3.0
1.5
0.32
0.4
—0.04
0.1
1.3
0.6
0.54
—0.04
4.2
0.6
3.4
1.6
—0.01
1.9
0.6
co =roo+ g A„P" . (16)
The coefficients of this fit are listed in Table III,
where we also list the mode-Griineisen parameters
obtained here from 3& as well as those previously
obtained from uniaxial stress measurements' at 77
K.
As we noted previously, ' ' low-frequency A and
E& modes have TO-LO separations that do not de-
pend on pressure (see Fig. 1). This is true for all
modes classified as external by the CMC model as
well as for one lower-frequency E& mode, which is a
mixture of internal bending and translations. As we
shall see in Sec. VB, this is also the case with the
V. RESULTS AND DISCUSSION
A. Pressure dependence of the Raman spectrum
In a previous Communication, ' we reported the
pressure dependence of several lines in the room-
temperature Raman spectrum of o;-LiIO3. %e ex-
tended these measurements to include all but one
of the Raman-active modes and also performed
similar measurements at T =380 K. In the latter
case some lines became too weak and/or broad to al-
low quantitative study. Figure 1 shows the behavior
of co vs P at both temperatures. The points
represent experimental data while solid lines are
least-squares fits to the data with polynomial expres-
sions of the type
temperature dependence of the TO-LO separation of
these modes. Hence, we shall refer to these modes
by A(ro) or E&(ro), where ro= —,(roTo+roLo) and the
pressure or temperature coefficients listed for these
modes are likewise averages of those obtained for
each component of a given TO-LO pair. In con-
trast, modes originating in internal vibrations of the
IO3 ion have TO-LO separations that increase with
increasing pressure (see Fig. 1 and Ref. 16).
The data listed in Table III show no evidence of a
systematic dependence of the pressure coefficients
on temperature. The only apparent exceptions to
this rule are the modes A(145 cm ') and Et(173
cm '). In the former, the mode-Griineisen parame-
ters appears to increase systematically as tempera-
ture increases at a rate of -2.8&10 K '. For
the Et(173 cm ') mode, the value of yj at 380 K is
50/o higher than those obtained at 77 and 300 K.
We do not believe this to represent a real tempera-
ture dependence of y&. We attribute this difference
to increased experimental uncertainties in the high-
temperature measurements, resulting from obtaining
frequency values from weaker and broader lines.
Hence, we can assume Gruneisen parameters to be
temperature independent and use, in the remainder
of our treatment, the average (yj) of the three yj's
listed in Table III as the best number to describe the
linear term in the pressure dependence of coj at any
temperature.
The general trends observed in the behavior of coj.
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vs I' (Fig. 1) are also identical at both temperatures
(300 and 380 K). Frequency shifts are large and
nonlinear for low-lying modes, and they become
steadily smaller, and more linear, as the frequency
of the mode increases. These trends are more clearly
appreciated when observing the variations of yj with
y&. The correlation between these two quantities can
be observed in Fig. 2 and in Table IV. In the former
we make a double logarithmic plot of yj vs rHJ, while
in Table IV these quantities are listed in order of in-
creasing frequency, together with the mode designa-
tion of the CMC model. ' In the latter, the mixtures
of prenormal eigenvectors were rounded off to the
nearest integer or half-integer. First we note that y~
decreases as coj increases in such a way that, from
top to bottom in Table IV, the variation in yj spans
2 orders of magnitude. In Fig. 2 the dots (experi-
mental values of yj ) are distributed around a
straight line representing the proportionality yj ~ coj.
In order to assess the significance of this behavior
we shall briefly review the expected trends for dif-
ferent types of solids. First, for a perfectly har-
monic crystal there is no effect whatsoever: Ideal
springs shorten without any change in their spring
constant. Anharmonic terms in the ionic potential
IO
I I I I I Ili
&-LiIO&
I I I I I I
T*300 K
IB)
mal
ng
-I
IO
I I I I I II I I I I I III
10
W; Icm-~j
FIG. 2. Double logarithmic plot of the absolute value
of yj vs coj.
TABLE IV. Average frequencies and Griineisen parameters of Raman-active modes of a-LiIO3. The measured isobaric
temperature derivatives separated into their implicit and explicit components. Fractional values of the implicit (q) and ex-
plicit (8) components are given with mode eigenvectors.
Symmetry
A
A
(cm ')
94.6
145.6
173.0
204
236
4.0
3.00
1.50
1.20
1.55
aco
aT
—38.5
—73.5
—46.7
—44.2
—18.3
&~;rj+—
(10 ' cm 'K ')
External
—35.9
—41.5
—24.7
—23.3
—34.8
aco
aT
—2.60
—32.0
—22.0
—20.9
16.50
0.93
0.56
0.53
0.53
1.90
0.07
0.44
0.47
0.47
—0.90
Approximate
eigenvectors
4 (3R y+v y)
Rg
R„y
—,'(R„„+3~„,)
Tz
E2
ATo
ALO
E1,LO
-290
332
342
356
465
454
0.56
0.60
0.32
0.41
0.54
—23.5
—27.5
—31.7
—38.7
—27.8
—17.6
—19.5
—10.9
—18.1
—23.4
—5.90
—8.0
—20.8
—20.60
—4.40
Internal bending and external
not observed
0.75
0.71
0.34
0.47
0.84
0.25
0.29
0.66
0.53
0.16
(T y+IB)
—(T„+IB)
~
(Tx,y+IB)
IB
IB
—(T y+IB)
E1,To
A1,TO
A 1,LO
E1,LO
764.3
768.4
791.5
817
843.4
-0.0
—0.04
—0.04
0.10
0.06
8.5
10.0
5.8
—11.0
—6.0
Internal stretchmg
-0.0
3.1
1.3
—7.4
—4.9
9.9
6.9
4.5
—3.6
—1.1
-0.0
0.31
0.22
0.67
0.82
—1.0
0.69
0.78
0.33
0.18
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produce changes in spring constants as volume
changes, causing the phonon frequencies to depend
on pressure. The simplest approximation is one in
which the mode-Griineisen parameter is the same
for all modes (y~=y=l). This assumption works
fairly well for the optical modes of tetrahedrally
coordinated semiconductors and simple ionic
solids. Molecular solids behave differently. '
In cases where there is a large separation between
the frequencies of external and internal modes, such
as As4S4 and Pb4S3 for example, ' the mode-
Griineisen parameters of the former group are con-
stants of the order of 1, while for internal modes yj.
scales with frequency approximately as co~ . When
the separation between internal and external modes
is less clear cut, as in Ss and As2S3 for instance, ' all
modes seem to obey a scaling law of the type
y& ~aj . This is precisely the behavior observed in
our case (Fig. 2). This behavior is a consequence of
the disparity of force constants coexisting in a
molecular solid: stiff intramolecular springs, re-
sponsible for internal modes, and soft intermolecular
springs, which give rise to external modes. Zallen'
proposed a simple linear-chain model in which a
hierarchy of springs coexist, but all spring constants
(kj ) scale with bond lengths (rz ) in the same
manner:
reasonable. From this crude model, using the aver-
age Griineisen parameter (y& —2.25) and frequency
of external modes, we predict for the internal bend-
ing and internal stretching modes yo-0. 5 and
yo-0. 1, respectively. These predictions are in fairly
good agreement with the results listed in Table IV.
Hence, we see that the tendencies observed in the
pressure dependence of the Raman-active modes of
a-LiIO3 are in consonance with the reported
behavior of molecular crystals, and they support, in
a general way, the mode assignments of the CMC
model. '4
To conclude, we shall briefly comment on the
changes in linewidth produced by pressure. These
changes are minute: internal-mode linewidths in-
crease slightly with increasing pressure
( —+0.9%/kbar) while external modes exhibit an
even smaller decrease in linewidth as pressure in-
creases ( ——0.4%/kbar). In principle, these
changes would give a contribution (implicit) to the
temperature dependence of I . This contribution is
at most of the order of 10%, in the temperature in-
terval of interest, ' and can be neglected when com-
pared to the strong ( —100%) explicit temperature
dependence of I (see Sec. VB). Hence, in the
remainder of our treatment we shall consider I to
be pressure independent.
(17)
—2
y) cc Q)) (18)
In our case, we could roughly distinguish four types
of spring constants: one for the stretching modes
(ko) and another for the bending modes (ko) of the
IO3 pyramid, and two more (k'~ and k&) for the
translations and librations, respectively, obeying the
hierarchy
ko)ko)k) )ki . (19)
This division of force constants would produce clus-
ters of modes for each type of force constants, with
Griineisen parameters that scale approximately as
the inverse square of the mean cluster frequencies.
The results of Table IV are in qualitative agreement
with the predictions of this simplified model: The
external modes (co& —171 cm ') have the largest
Griineisen parameters, modes containing bending vi-
brations of the IO, ion (coo=373 cm ') have
smaller yj's, and, finally, internal stretching modes
(coo—797 cm ') have the lowest values of yj of all
groups. Quantitatively, the agreement is also
When the material is compressed the bondlength of
the weaker springs change more than that of the
stronger ones. This produces mode-Gruneisen
parameters that scale with mode frequency as
B. Temperature dependence of the Raman spectrum
The Raman spectrum of a-I.iIO3 was studied as a
function of temperature in the range 12—500 K.
Representative spectra, taken at different tempera-
tures, are shown in Fig. 3. One feature is striking in
this figure: The line corresponding to the transla-
tional A(236 cm ') mode shows a rapid decrease in
peak height, relative to neighboring lines, as tem-
perature increases. This, however, does not
represent a real decrease in the integrated intensity
of this line, since it is accompanied by correspond-
ingly larger increases in linewidth with increasing
temperature. In fact, the intensities of all observed
modes were found to be independent of temperature.
In Fig. 4, we plot phonon frequencies versus tem-
perature for all observed modes. Two features are
observed in this figure, in common with the reported
behavior of most types of crystals: The linear
behavior of coj(T) at high temperatures (T)250 K
in our case) and the bending over to zero slope as
T~O. As was the case with the pressure depen-
dence (Sec. VA), frequency shifts are large for low-
frequency modes, and they become progressively
smaller as the frequency of the mode increases.
With the exception of the internal stretching modes,
all mode frequencies decrease with increasing tem-
27 RAMAN STUDY OF ANHARMQNIC EFFECTS IN a-LiIO3 7725
I
I
I / / & I I I I ) I
a —LIIOp
z(x, x+y) z &gp+ Ep
T = 500K
I T= BOOK
= Ja„'"'" '"~wL
T = I50K
I-
(x17) (x2)
T= l2K
I
'
I I
'
I
'
I I I I
a—LiIOp
{~ 70 o TOE Lo E2o
DLJ A &""J ~ ~u-'"' JLD
I I / / i I I I I I I I I
800 400 200
~(cm )
FIG. 3. Represenative Raman spectra of o.-LiIO3 tak-
en at different temperatures.
perature. The former type of modes has a different
behavior: LO modes show a slight decrease in fre-
quency with increasing temperature, while all other
stretching modes increase in frequency as tempera-
ture increases. This causes the TO-LO separation to
diminish as temperature increases. The same thing
happens, in a less marked way, with the separation
between the Azo(356 cm ')-ALo(465 cm ') pair
produced by internal bending of the IO3 pyramid.
All other modes have temperature-independent TO-
LO separations. Taken together with the behavior
of TO-LO separations as a function of pressure, dis-
cussed in Sec. V A, this temperature dependence can
be interpreted entirely on the basis of thermal expan-
sion (implicit contribution).
The width of the Raman lines (I', full width at
half maximum) increases monotonically as tempera-
ture increases (see Fig. 5). For most of the modes,
this increase becomes approximately linear for
T) 250 K, bending over to zero slope at low tem-
peratures. Again, this behavior is typical of I -vs-T
dependences in most crystals. Exceptions to this
rule are the Eq(204 cm '), E~ Lo(454 cm '), and
A (236 cm ') modes. The increase in I vs r for
these modes appears to saturate beyond T=400 K
(see Fig. 5). Also, the A(236 cm ') mode broadens
considerably more than any of the other Raman-
active modes. Since this is the only mode containing
translations of Li+ ions along the c axis (Tables I
and IV), strong anharmonic effects associated with
it would be evidence in favor of its relationship with
the anomalous increase in ionic conductivity along
the c axis observed at high temperatures. However,
no other manifestation of strong anharmonicity as-
sociated with this mode has been presented so far.
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FIG. 4. Temperature dependence of phonon frequen-
cies. The different modes are represented by circles, tri-
angles, and squares. When superposition makes the
display unclear, the triangles were omitted.
FIG. 5. Full width at half maximum of the Raman
lines vs temperature. The numbers in parentheses identify
the modes by their room-temperature (1 bar) frequency
rounded off to the nearest integer.
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Both the temperature (Fig. 4) and pressure (Fig. 1,
Table III) dependences of its frequency, by them-
selves, give no indication of any stronger-than-
normal anharmonicity. To probe deeper into the
subject we now proceed to separate the implicit
—(beep)r and explicit (bcoz )~ contributions to the
frequency shift produced by temperature at constant
pressure, (hoor )z, as explained in Sec. III B. The re-
lationship among these quantities is given in Eq.
(10). In order to estimate (benz) z from our previous
data, first notice that, since pressure values involved
in the thermal expansion term are small, ' only
linear terms in coJ.(P) need be considered. These
terms were found to be temperature independent
(Sec. V A), so, assuming p and a also to be constant,
we obtain this term by direct integration of the first
term on the right-hand side of the equality in Eq.
(9):
j i
E, - Modes5 = (76&)
~
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~ ~
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FIG. 6. Implicit —(Atop)~ (solid line) and explicit
(Acoz) & (solid circles) contributions to the frequency shift
as a function of temperature. The first is represented by a
solid line while the latter is shown as solid circles.
=pyjcoj(T To), — (20)
wher'e Tp is some cutoff temperature, chosen arbi-
trarily to account for the fact that p [and therefore
also (heep)r] vanishes in the limit T~O. The
choice of To is not critical for the discussion that
follows. We chose To ——50 K, p=9.5X10 K
(room-temperature value from Ref. 33), and average
values of the mode-Griineisen parameters from
Table IV. For the A(145 cm '} mode we allowed a
small temperature dependence in y~ (2.8X 10
K '). The difference betweeen this procedure and
using a constant value for yj is minimal. The re-
sults of this calculation, for representative modes, is
shown in Fig. 6 as a solid line. This line is bent ar-
tificially at low temperatures in order to obtain zero
slope in the limit T~O. The values of (Acorn)~ ob-
tained as difference from this curve and the experi-
mental values of (hcoz")p (Fig. 4) are also shown in
Fig. 6 as solid circles. In a general way Fig. 6 shows
that for internal modes the explicit term dominates
the (weak) temperature dependence of their frequen-
cy while for external modes this dependence is dom-
inated by the implicit (thermal expansion) term.
Again, this behavior is typical of molecular crys-
tals. Against this background of typical behaviors,
the A(236 cm ') mode shows up as a clear excep-
tion. In this mode both the implicit and explicit
contributions are large and of opposite signs. In
fact, the explicit contribution, (bcor)~, for this
mode is much larger than those found for any of the
other modes. As noted in Sec. IIIB, this term is
produced by cubic and quartic anharmonic terms in
the ionic potential. The former are also responsible
for the inverse lifetimes of the phonons (I'). A
glance at Fig. 5 shows that the A(236 cm ') mode
also has the largest broadening as temperature in-
creases. Hence, Figs. 5 and 6 offer clear evidence
that anharmonic interactions are much stronger for
the A(236 cm ') mode than for any of the other
Raman-active modes. These larger anharmonicities
do not show in the behavior of co vs T (Fig. 4), be-
cause the intrinsic and extrinsic contributions, al-
though both large, are of opposite sign, partially
cancelling each other.
The tendencies displayed in Fig. 6 can be analyzed
quantitatively by comparing both contributions (im-
plicit and explicit) in the differential form of Eq. (9).
This is done in Table IV where the terms appearing
in this equation are listed. The isobaric temperature
derivatives were obtained by fitting straight lines
through the points for T & 250 K of Fig. 4. In this
table we also define the fractional implicit (g) and
explicit (8) contributions to the isobaric temperature
derivative. The observed trends in this quantities
for a large variety of ionic, covalent, and molecular
crystals are reviewed by Weinstein and Zallen. We
shall briefly summarize their conclusions in order to
discuss our results in the context of these general
trends. For ionic crystals thermal expansion dom-
inates (g-l), while in tetrahedrally coordinated
semiconductors (covalent bonding) a value of g-0. 3
is typical. In molecular solids, no single value of g
describes the behavior of all lattice modes. , Here,
external modes have q-1, as in ionic solids, while
internal modes have values of q characteristic of co-
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valent bonding (ri-0.3). The data in Table IV
show that a-LiIO3 behaves like a molecular solid.
Pure interrial modes have g (0.3. All other
modes, with the interesting exception of the A(236
cm ') modes, have values of g in the range
0.5&g&1. Again, the A(236 cm ') mode stands
out against this background of well-behaved trends,
having r) -2, which is much larger than the value of
observed for any other mode (or for external
modes in most molecular crystals ). This difference
is clearly shown in Fig. 7, where we plot
(a~raT—)p vs —Ppjcoj. Four straight lines are
shown in this figure: a vertical one (ri=0) and one
at 45' (g= 1) corresponding to the limiting cases in
which explicit and implicit contributions, respective-
ly, account entirely for the temperature dependence
of coj, a line corresponding to g =0.3 calls attention
to the typical behavior of internal modes in molecu-
lar crystals, and a horizontal line (r)= ~) corre-
sponds to perfect cancellation between the intrinsic
and extrinsic contributions to co&(T). Our experi-
mental values (dots) are distributed between the lines
corresponding to g=0.3 and 1.0, with purely exter-
nal modes (solid circles) falling closer to the latter
and purely internal modes (open circles and squares)
closer to the former. Modes that are mixtures of
both (half-solid circles) are somewhere in between.
The only exception is the A(236 cm ') external
mode, which falls outside this cone, moving in the
direction of the horizontal line representing total
cancellation between implicit and explicit contribu-
tions.
All the evidence presented above points to an
anomalous anharmonic behavior affecting only the
lattice mode involving translations of Li+ ions along
the c axis. We believe this establishes a link between
this mode and the increased rate in Li+ transport
along this direction observed close to the a~y phase
transition (T-520 K). Better theoretical models
for the lattice dynamics of this material, including
anharmonic effects, are necessary if we are to under-
stand the exact nature of this link. The CMC
model, ' successful in giving a set of eigenvectors
for the harmonic crystals, falls short of this task.
We hope that the detailed experimental evidence
presented here stimulates theoretical research in this
direction.
VI. SUMMARY AND CONCLUSIONS
We presented a complete study of the influence of
pressure and temperature on the frequencies and in-
verse lifetimes of the Raman-active modes in e-
Li103. Analysis of the pressure data indicates that
80
60
E
'o 40
4.
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0
q-0
~ External
o Bending (IB)
XB + External
Stretching
0.3
* I.O—
this material shares the main characteristics shown
by molecular crystals. Frequency shifts, as pressure
increases, are large and nonlinear for low-frequency
modes, becoming steadily smaller and more linear as
the frequency of the mode increases. More precise-
ly, mode-Griineisen parameters (which were found
to be temperature independent) y~ decrease as mode
frequency coj increases, obeying an approximate
scaling law y& o:~J . This is in consonance with the
results recently reviewed for a large variety of
.
molecular crystals.
The temperature dependence of mode frequencies
shows the usual linear behavior at high temperatures
T)250 K) and bends over to zero slope as T~O.
A similar behavior is observed for the I -vs-T depen-
dence. In the latter, however, the A(236 cm ')
mode shows a markedly larger broadening with in-
creasing temperature. Combining temperature and
pressure results, we separate the implicit (volume-
driven) from the explicit (occupation-number-
driven) contributions to coj(T). Against a back-
ground of modes that show a pattern of behavior in
0 20 40 60
$)y) G3 {10 cm K )
FIG. 7. Implicit vs explicit temperature derivatives for
the Raman-active modes of a-LiIO3. Lines of constant
fractional implicit contribution (g) are shown for compar-
ison with the data (circles and squares).
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full accordance to expected trends, the A (236
cm ') mode, again, stands out with a behavior
strongly anharmonic and qualitatively different.
Since this mode is the only one involving Li+
translations along the c axis, we suggest it is con-
nected to the increase in ionic conductivity along
this direction, found to occur in this material at
high temperatures. The exact nature of this con-
nection is not yet clear to us.
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